Dibenzothiophene (DBT) and its derivatives can be microbially desulfurized by Dsz enzymes. We investigated the expressional characteristics of the dsz operon. The result revealed that the ratio of mRNA quantity of dszA, dszB, and dszC was 11:3.3:1; however, western blot analysis indicated that the expression level of dszB is far lower than that of dszC. Gene analysis revealed that the termination codon of dszA and the initiation codon of dszB overlapped, whereas there was a 13-bp gap between dszB and dszC. In order to get a better, steady expression of DszB, we removed this structure by overlap polymerase chain reaction (PCR) and expressed the redesigned dsz operon in Rhodococcus erythropolis. The desulfurization activity of resting cells prepared from R. erythropolis DR-2, which held the redesigned dsz operon, was about five-fold higher than that of R. erythropolis DR-1, which held the original dsz operon.
The combustion of sulfur-containing fossil fuels contributes to environmental pollution. Acceptable levels of sulfur in fuel changed from 2,000-5,000 ppm to less than 500 ppm during the past decade. Recent and impending regulations will drive the level to below 350 ppm. In the near future, refiners expect to be faced with a no sulfur specification (less than 10-15 ppm sulfur). 1) DBT and its derivatives are a broad range of sulfur heterocyles found in petroleum that are recalcitrant to desulfurization via hydrodesulfurization (HDS), but can easily be desulfurized via biodesulfurization (BDS). BDS has shown significant potential for improving the processing of sulfur-containing fossil fuels. However, there are a number of potentially limiting steps involved in the desulfurization of Cx-DBT in fossil fuels, such as the transfer of Cx-DBT molecules from the oil into the cell, 2) the desulfurization activity of Dsz enzymes, 3) and repression of the desulfurization products. 4) In order to realize widespread commercial application, considerable progress has been achieved. Coco et al. evolved DszC by random chimeragenesis on transient templates (RACHITT), and the catalytic activity and extent of DszC was enhanced.
5) The first three reactions were accelerated by co-expression of the dsz operon and dszD.
6) Kinetic analysis of DBT desulfurization revealed that the rate of desulfurization is limited by the last enzyme in the pathway, which catalyzed the conversion of 2 0 -hydroxybiphenyl-2-sulfinate (HBPS) to 2-HBP. 7) Reichmuth et al. overexpressed the limited enzyme (DszB) and enhanced desulfurization activities 9-fold. 8) However, the exogenous gene is often lose in the process of subculture. In this study, to increase DszB production, we redesigned the dsz operon to remove the overlap with an overlap PCR. The redesigned dsz operon can be recombined to its native position by double crossover in any subsequent work.
Materials and Methods
Chemicals. DBT, HBPS, and 2-HBP were purchased from Acoros (New Jersey, USA). All other reagents were of analytical grade and were obtained commercially.
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are listed in Table 1 . R. erythropolis DS-3, a DBT and derivative desulfurization strains isolated from soil, 9) were used throughout the study. R. erythropolis 4.1491 (dsz À , CGMCC 4.1491) was purchased from the China General Microbiological Culture Collection Center (CGMCC). E. coli strains were cultured in LB medium. Antibiotics were added in order to select plasmids as follows: ampicillin, 100 mg/ml; kanamycin, 34 mg/ml.
y To whom correspondence should be addressed. Tel: +86-022-23505967; Fax: +86-022-23508800; E-mail: meor@nankai.edu.cn Abbreviations: DBT, dibenzothiophene; HBPS, 2 0 -hydroxybiphenyl-2-sulfinate; 2-HBP, 2-hydroxybiphenyl; HDS, hydrodesulfurization; BDS, biodesulfurization; PCR, polymerase chain reaction; RACHITT, random chimeragenesis on transient templates Reconstruction of dsz operon by overlap PCR. The redesigned dsz operon was created by two steps of PCR amplification (Fig. 1) . In the first round, fragments dszA with the 400 bp up-stream region (5 0 -upstream-dszA segment) and dszBC with the 400 bp down-stream region (dszBC-3 0 -downstream segment) were produced by PCR with primers UA1 and UA2, and BD1 and BD2 (Table 2) . Each reaction mixture contained 15 pmol of each dNTP, 25 ml GC buffer, 40 pmol of each primer, 2.5 U LA Taq polymerase, and 15 ng R. erythropolis DS-3 genome. Hot start was initiated with 5 min denaturation at 95 C, followed by 30 amplification cycles (95 C for 30 s, 52 C for 45 s, and 72 C for 3 min). PCR products from each reaction were gelpurified using an Agarose Gel DNA purification Kit (Takara, Otsu, Shiga, Japan) and used in subsequent amplification. The second round PCR mixture was as for the first round, except that 10 ng each of the 5 0 -upstreamdszA segment and the dszBC-3 0 -downstream segment from the first-round PCR, together with 40 pmol of primer UA1 and BD2. PCR conditions were as for the first round, except that the extension time was 5 min at 72 C. The native dsz operon was also created by PCR amplification with primers UA1 and BD2.
Transformation of Rhodococcus by electroporation.
To obtain electrocompetent cells of R. erythropolis 4.1491 (dsz À ), 100 ml BSM supplemented with 2.5% (w/v) glucose and 0.5% yeast extract in a 250 ml baffled Erlenmeyer flask was inoculated with 4 ml precultured broth and grown at 30 C to an optical density of 0.6 at 600 nm. The cells were harvested, washed twice with ice-cold 0.3 M sucrose, and concentrated 40-fold in icecold 0.5 M sucrose. Competent cells were either used directly for electroporation or stored at À70 C. The native dsz operon and the redesigned dsz operon fragment were ligated into the EcoRI and XbaI sites of pRHK1 to yield pRABC1 and pRABC2. Plasmids were introduced into R. erythropolis 4.1491 (dsz À ) by electroporation using a MicropuluserÔ electroporator (BioRad, California, USA) as described 10) to yield R. erythropolis DR-1 and R. erythropolis DR-2. 
Specific PCR primers used for quantity real-time PCR dszA
Quantitative analysis of dsz operon transcription by real-time PCR. The total RNA of R. erythropolis DS-3, R. erythropolis DR-1, and R. erythropolis DR-2 was prepared with a UNIQ-10 Spin Column Total RNA Isolation Kit (Sangon, Shanghai, China). RNA samples were treated with DNase I (Takara, Otsu, Shiga, Japan) to eliminate any genomic DNA contamination. Firststrand complementary DNA was synthesized from R. erythropolis DS-3, R. erythropolis DR-1, or R. erythropolis DR-2 total RNA using SuperScriptÔII RNase H À Reverse Transcriptase (Invitrogen, Carlsbad, CA) with primers A1 and A2, B1 and B2, and C1 and C2 for 30 min at 42 C in an incubation mixture containing 1 mg total RNA, 10 pm primers, 200 U SuperScriptÔII RNase H À Reverse Transcriptase, 1X RT buffer, and 10 mm of each dNTP. The quality of single stranded cDNA was monitored by the RT-PCR method, as described by Michalski and Weil. 11) Real time PCR reactions were carried out in An MJ OpticonÔ2 Continuous Fluorescence Detection System (MJ Research, Waltham, MA) with primers A1 and A2, B1 and B2, C1 and C2, and SYBR Green I Master Mix (PE Biosystems, Forster, CA). The PCR condition was 5 min denaturation at 95 C, followed by 40 amplification cycles (95 C for 30 s, 52 C for 30 s, and 72 C for 1 min). Fluorescence was detected at the end of every 72 C extension phase. Complementary DNA primers were designed from dsz gene sequences of IGTS8 obtained from GenBank with Primer Express software (Version 1.0, PE Applied Biosystems, Foster, CA). All primer sets had a calculated annealing temperature of !58 C (nearest neighbor method). The primer sequences for internal controls are shown in Table 2 .
Western-blot analysis. Western-blot analysis was done as described.
12) Antibodies against DszA, DszB, and DszC of R. erythropolis IGTS8 were raised in rabbits by subcutaneous injection of purified DszA, DszB, or DszC respectively. This work done by Jingmei Biotech., Tianjin China.
Desulfurization by resting cells. Recombinant R. erythropolis strains were cultured in BSM medium with shaking for 48 h with DBT as the sole sulfur source. The resting cell suspensions were prepared according to the method described, 13) Samples of 25 ml of the suspension and an equal volume of n-hexadecane containing 0.5 mm DBT were transferred to 250 ml flasks with baffles. Resting cell reactions were performed with shaking (160 rpm) at 30 C. The cultures were centrifuged (8,000 g, 10 min) and the oil phase-supernatants were analyzed by HPLC for the production rate of 2-HBP, as described.
14)
Results
Characterization of dsz operon expression
We investigated the expressional characteristics of the native dsz operon. The mRNA quantity of dszA, dszB, and dszC was analyzed by real time quantitative PCR assay. The amplification efficiencies of primers used in real time quantitative PCR were detected with the dsz operon by real time PCR assay. The results indicated that each pair of primers had equivalent amplification efficiencies. The analysis fragment of each gene was about 800 bp. Their ratio was about 11:3.3:1, based on the C t values of each gene (Fig. 2) . The results indicated that the translation levels of desulfurization enzymes decreased according to their positions in the operon due to polar effects on dsz gene transcription in prokaryotes. However, the results of Western-blot analysis using antibodies specific to DszA, DszB, and DszC indicated that the expression level of DszC is far higher than that of DszB (Fig. 3) . These results suggest that the translation of mRNA of dszB was not as efficient as the mRNA of dszA and dszC. Gene analysis revealed that the termination codon for dszA and the initiation codon for dszB overlapped, and that there is a 13-bp gap between dszB and dszC. Potential ribosome binding sites These plots show the accumulation of dsz gene PCR products in real-time PCR detected by the MJ OpticonÔ2 Continuous Fluorescence Detection System. dsz cDNA were used as the template. The threshold line for the calculation of C t was set at 0.1. A, for dszA; B, for dszB; C, for dszC.
Fig. 3. Western-Blot Analysis of the Dsz Enzymes in Grown Cells
with Antibody Specific to DszA, DszB, and DszC. 1, Marker; 2, R. erythropolis 4.1491 (dsz À ); 3, R. erythropolis DS-3 (dsz þ ); 4, R. erythropolis DR-1; 5, R. erythropolis DR-2. R. erythropolis DS-3, R. erythropolis DR-1 and R. erythropolis DR-2 were cultured in BSM with DBT as the sole source of sulfur, and the control strain R. erythropolis 4.1491 (dsz À ) was cultured in BSM with yeast extract as the sulfur source.
were present upstream of each putative ATG initiation codon (Fig. 4) . 15) Characterization of the reconstructed dsz operon expression
The reconstructed dsz operon was generated by overlap PCR, as described in ''Materials and Methods,'' in which the termination codon of dszA and the ribosome binding site of dszB were reconstructed (Fig. 4) . The reconstructed dsz operon was ligated into the pMD 18-T simple vector for sequence analysis. The sequence analysis revealed that there were no insertions or mutations in the reconstructed dsz operon, except for the region used for dsz operon reconstruction.
The Rhodococcus-E. coli shuttle vector was used to express the reconstructed dsz operon and native dsz operon in R. erythropolis 4.1491 (dsz À , CGMCC 4.1491). The native dsz operon and the reconstructed dsz operon were inserted in the EocRI and XbaI sites of the pRHK1 vector separately to construct expression plasmids pRABC1 and pRABC2. The resulting plasmids, pRABC1 and pRABC2, were introduced into R. erythropolis 4.1491 by electroporation to yield R. erythropolis DR-1 and R. erythropolis DR-2. Real time quantitative PCR assay indicated that the mRNA quantity of dszA, dszB, and dszC was not greatly increased in R. erythropolis DR-1 or R. erythropolis DR-2 as compared with R. erythropolis DS-3 (Table 3) . However, western-blot analysis revealed that R. erythropolis DR-2 produced more DszB than did R. erythropolis DR-1, whereas the production of DszC decreased a little more in R. erythropolis DR-2 than in R. erythropolis DR-1, and the production of DszA in the two recombinant strains appeared to be equivalent (Fig. 3) .
Desulfurization by resting cells of recombinant strains
To test desulfurization activity of recombinant strains R. erythropolis DR-1 and R. erythropolis DR-2, resting cells (25 ml) were placed in a 250 ml Erlenmeyer flask together with an equal volume of n-hexadecane containing 0.5 mm DBT. The mixture was incubated at 30 C with 160 rpm shaking. At different intervals, sample aliquots (3 ml) were withdrawn, and quenched in an Eppendorf tube with 6 M HCl, and the oil phase was separated by centrifugation. When the samples were examined by HPLC, no intermediates were detected, except for DBT and 2-HBP. Figure 5 shows the time course of 2-HBP production in reaction systems catalyzed by the two recombinant strains, R. erythropolis DR-1 and R. erythropolis DR-2. Early in the reaction, the desulfurization rate was high, but if decreased gradually. As a result, 96% DBT (0.48 mm) was desulfurized after 5 h in the reaction system catalyzed by R. erythropolis DR-2 resting cells. The maximum desulfurization rate was 120 mmol/(h Â g cell). However, the same amount of DBT was desulfurized after Cells were grown to the end of the exponential phase in BSM with DBT as sole source of sulfur, washed twice with 1.0-liter 50 mm HEPPS buffer (pH 7.2), and finally resuspended in the same buffer. The suspension was portioned into 25-ml aliquots and an equal volume of n-hexadecane containing 0.5 mm DBT. At each timepoint, aliquots were withdrawn for analysis by RP-HPLC, as described in ''Materials and Methods.'' , R. erythropolis DR-2; , R. erythropolis DR-1.
24 h in the reaction system catalyzed by R. erythropolis DR-1 resting cells. The desulfurization rate in this case was only about 26 mmol/(h Â g cell). The resting cell desulfuriaztion rate of R. erythropolis DR-2 was about five-fold higher than that of R. erythropolis DR-1.
Discussion
The microbial conversion of DBT to 2-HBP is accomplished by the 4S pathway, consisting of two monoxygenases and one desulfinase which are coded by the dsz operon. In the present work, we investigated the expressional characterization of the dsz operon. We found that the expression level of dszB is determined by two factors. The first is that due to its location on the dsz operon, the mRNA quantity of dszB is only about 30% that of dszA for the polar transcription of dsz operon. The second is that there is a overlapped region of the termination codon for dszA and the initiation codon for dszB, and the expression level of dszB is less than that of dszC for this reason, even though the mRNA quantity of dszC is lower than that of dszB (Fig. 2) . This result indicates that there is in fact a baffled structure before the initiation codon of dszB. It also indicates that it is possible to increase the expression level by reconstructing this structure.
Gray et al. gave a kinetic analysis of the reactions. The turnover rate (k cat ) of desulfinase (DszB) was only about 2/min. Cell-free desulfurization analysis revealed that the only intermediate to accumulate to any extent was HBPS, and it was produced at a rate about five times faster than its consumption. The final reaction catalyzed by DszB is the rate-limiting step in the pathway. 7) To enhance the DBT metabolic flux rate, the intrinsic catalytic properties or the specific production of DszB in the cell must be improved. We have reported here a strategy to remove the baffled structure by overlap PCR to enhance the expression level of dszB. The redesigned dsz operon worked well. This was proved by westernblot analysis with specific antibodies for dsz enzymes (Fig. 3) . Real time PCR analysis confirmed that the recombinant strains exhibited a higher transcription level of the dsz operon than R. erythropolis DS-3. The mRNA quantity in recombinant strains is about 150% of that in R. erythropolis DS-3, and the ratios of dszA, dszB, and dszC are also close to that in R. erythropolis DS-3. This indicates the transcription characteristics did not change in recombinant strains, and that the translation level of dszB was enhanced.
Gray et al. proved that HBPS was accumulated in the reaction system catalyzed by cell free extracts of R. erythropolis IGTS8, which hold the same dsz operon as R. erythropolis DS-3, whereas we did not detect any intermediates except for DBT and 2-HBP in culture medium. Monticello assumed that DBT was primarily transferred into the cell, and then subjected to a series of oxidations and desulfurization in the cell.
2) In our experiment, HBPS was also detected in the cell lysate of R. erythropolis DR-1, but was not detected in the cell lysate of R. erythropolis DR-2. That indicates that HBPS accumulated in cell if was not metabolized as quickly as it was produced. The desulfurization experiment was conducted using resting cells with 0.5 mm DBT in n-hexadecane as a model diesel oil. The DBT desulfurization rate of recombinant strains that holds the reconstructed dsz opreon was about 120 mmol/(h Â g cell), 5-fold faster than that for the native dsz operon (26 mmol/(h Â g cell)). That indicates that the enhanced expression level increased the metabolic rate of HBPS in the cells and contributed to the improved desulfurization rate of R. erythropolis DR-2.
We could not enhance the DBT desulfurization rate higher than Reichmuth did.
8) The redesigned dsz operon could easily be recombined into its native position by double crossover to avoid losing the exogenous gene in the process of subculture.
